To understand cell-cell interactions and the interactions of cells to non-biological materials, studies on binding forces between cellular proteins and between proteins and non-biological material such as metal surfaces are essential. The adsorption of proteins to solid-water interfaces is a multifactorial and a multistep process. First steps are determined by long-range interactions where surface properties such as hydrophobicity, distribution of charged groups, ion concentrations and pH play important roles. In later steps structural rearrangements in the protein molecule and dehydration effects become more important making the adsorption process often irreversible. In the following we demonstrate that protein A and tubulin have a specific type of interaction to metal surfaces probably as an intermediate step in the adsorption process. The proteins were attached to the tip of a microfabricated cantilever in such a way that only one molecule interacts with the surface. By recording force-distance curves with an atomic force microscope the adhesion forces of single molecules binding to gold, titanium and indium-tinoxid surfaces were measured.
INTRODUCTION
Protein adsorption is a very important topic for many biomedical and biotechnological applications. For instance, many chromatographic separations, such as hydrophobic, displacement and ion-exchange chromatography, are based on differences in binding affinities of proteins to surfaces. Also, in vitro cell cultures require cell-surface adhesion (Bennett and Gilligan, 1993) which is mediated by a sublayer of adsorbed proteins.
Protein adsorption is a net result of various complex interactions between and within all components, including the solid surface, the protein, the solvent and any other solutes present. These interaction forces include dipole and induced dipole moments, hydrogen bond forces and electrostatic forces. All these inter-and intramolecular forces will contribute to a decrease of the Gibbs energy during adsorption (Haynes and Norde, 1994 ).
An important question for protein adsorption processes is the reversibility of the adsorption process. One approach to this question is an analysis of the time course of adsorption. If the adsorption is assumed to be a multistep process one can ask until which step the process is reversible. The most common way to quantify adsorption is by means of the adsorption isotherm, where, at constant temperature, the amount of molecules adsorbed is plotted against the steady state concentration of the same molecules in the bulk solution. Adsorption isotherms provide a convenient method for determining whether or not an adsorption process is reversible (Norde, 1992) . Reversibility is commonly observed with adsorption of small molecules on solids, but only rarely in the case of more complex random coil polymers.
Proteins are polymers but globular proteins are not true random coils. The native state of these proteins in aqueous solution is highly ordered; most of the polypeptide backbone has little or no rotational freedom. Therefore, significant denaturing processes have to occur to form numerous *To whom correspondence should be addressed.
contacts with any surface. Norde (1986) has argued that the layer thickness of proteins adsorbed to solids are usually comparable to the dimensions of native proteins in aqueous solution. Structural rearrangements may occur, therefore, in a way that the internal stability of globular proteins prevents them from completely unfolding on a surface into loose 'loop and tail'-like structures. Thus, the number of protein-segment surface contacts formed at steady state is determined by a subtle balance between intermolecular and intramolecular forces.
Therefore, the thermodynamic description of the protein adsorption process in general should be based on the laws of irreversible thermodynamics. The process is strongly time dependent and some of the involved steps of molecular rearrangement are remarkably slow and probably lead to significant binding of proteins only on the time scale of seconds (Jeney, unpublished results). With different time scales for the various interactions taking place the adsorption process can be divided into fast steps, which can be reversible, and slow steps where protein structure rearrangements can occur that are determined by the surface environment. The latter processes in many cases can become irreversible.
In the following study we show experiments where the adhesion forces established by single protein A and tubulin molecules within contact times of one second are measured using an atomic force microscope (AFM). Protein A and tubulin, both globular proteins, were chosen as two different examples of protein binding. Protein A is often used to bind antibodies to solid substrates and tubulin forms the tubular polymer structure of microtubules as part of the cell cytoskeleton. The molecules are attached to the cantilever tip and brought into contact with different metal surfaces. The metals chosen are gold, titanium and indiumtinoxid (ITO). The results we present demonstrate that the AFM can be used with high force resolution to characterize certain features of the binding process of proteins. Such investigations are relevant also for many biomedical applications as well as in the case of the optically transparent indiumtinoxid (ITO) for the development of interfaces between biological molecules and electro-optic devices.
MATERIALS AND METHODS
The AFM used was a standard type (Binnig et al., 1986; Marti et al., 1988; Meyer et al., 1988; Albrecht et al., 1990) built at EMBL with an optical deflection detection system and with the possibility to work in solutions as well as to modulate the tip sample distance. Special care was taken to ensure the mechanical stability and to reduce the noise produced by the fluctuations in the interference patterns produced by the laser beam. The force-distance curves were deduced by applying the variable voltage directly to the inner electrode of the piezo tube. The voltage signal was produced by an analogue frequency generator [Tektronix AM 502] The tubulin used was extracted from calf brains by the method described elsewhere (Maaloum et al., 1994) . It consists of two different polypeptides and having molecular weights of 55 kDa and 50 kDa, respectively. These form heterodimers which can polymerize with the help of GTP into microtubule structures (Amos, 1995) . Protein A was purchased by Sigma and has a molecular weight of 42 kDa. Both molecules where kept in phosphate-buffered saline (PBS) solution at pH 7.4.
Extremely important for the reproducibility of the experiments described was the care taken to have clean surfaces, cantilevers and solutions. Cantilevers are not sold vacuum sealed by the companies and in this way often are kept under ambient conditions for months. Therefore, we routinely clean them overnight in a 2% Hellmanex solution [Hellma] before use. The metal surfaces were produced with an Ultra-High-VacuumSputter equipment. With this device metal films of 50 nm thick gold, titanium and indium-tinoxid were sputtered onto an intensively cleaned glass coverslip with a deposition rate of 0.4 nm/s at room temperature. The surface structures of the three metals formed during the process were controlled by STM and exhibit hill-like structures with 50 nm to 200 nm diameter. The difference in height between centre and edges of these hills was only 1-2 nm nanometer changing smoothly. These structures were then transferred into a glove box with argon atmosphere and covered with the buffer solution. Special care was taken to make and keep the buffer solution as clean as possible.
Cantilevers were coated with protein A or tubulin inside this glove box. Cleaned cantilevers were incubated with the protein A or tubulin in PBS solution at concentrations of 1 mg/ml and 6 mg/ml, respectively, for a maximum of 4 h at 4 C.
The adsorption was controlled several times with rhodamine-labelled tubulin in a fluorescence microscope, which was clearly detectable only after the above-mentioned preparation procedure. For the AFM experiments both the metal surfaces and the cantilevers were transferred within the buffer solution to the AFM operating outside the glove box. The ambient environment outside the glove box gives a time limitation for the experiments of about 20 min before first signs of contamination occur when using the AFM in the imaging mode.
RESULTS
Clean cantilevers and surfaces are essential for the experiments shown. Force-distance curves of the bare tips as shown in Figure 1 were only observed under the well controlled preparation conditions described above. The noise observed in the forcedistance curves is produced mainly by the thermal movement of the cantilever with a spring constant of 0.01 N/m corresponding to a force equivalent of 5-6 pN. The other noise sources, such as electronic, optical or mechanical noise, were below this level. As the thermal noise in these measurements determines the resolution for the statistical data analysis we selected 5 pN intervals for the measured adhesion forces. The histogram in Figure 2 shows the measurements done with different clean cantilever tips on different metal surfaces. If the forces applied did not exceed 20 pN during the approach, only a small attractive force below 10-15 pN was seen, as expected for the van der Waals interaction of a tip atom with a metal atom at the surface (Ohnesorge and Binnig, 1993) .
Cantilevers incubated with proteins can be divided according to their force-distance curves into two distinct groups. Many cantilevers exhibit the same behaviour as protein-free ones. Some showed a significant different behaviour during the approach and during retraction like the example of Protein A on gold shown in Figure 3 . Beside the linear response determined by the cantilever spring constant a non-linear force-distance behaviour appears after contact during the first 1.4 nm. While retracting, in this example quite high negative forces of 39 pN had to be used in order to remove the cantilever from the metal surfaces. During the last 0.5 nm before the contact broke again a nonlinear force-distance behaviour was observed like during the approach. If during the approach and in contact the maximum force applied did not exceed 15-20 pN the force-distance curves could be repeated between 10 and 30 times until they became similar to clean cantilevers. The time-dependent characteristic behaviour of single cantilevers is shown in Figure 4 . Each of the series with one cantilever ended in several measurements comparable to clean cantilevers. This is probably due to the fact that after a while the adsorbed protein is removed from the tip. The experiment was stopped if a behaviour similar to that of clean cantilevers was observed several times. This measuring procedure is the reason for the many values close to zero in the histograms shown in Figure 5 reflecting the loss of the molecule at the tip. These histograms consist of all experimental results measured with 5 to 7 different cantilevers per protein and metal. The average adhesion force between protein A and the different metal surfaces was found to be 29 9 pN for gold, 19 9 pN for ITO, and 26 5 pN for titanium. For tubulin the average adhesion force was very strong on gold with 83 7 pN and still strong on ITO with 53 9 pN, but on titanium it was lower than the protein A adhesion forces with 16 9 pN (Table 1) .
DISCUSSION
The most important findings of these experiments are the obvious specificity of the measured adhesion forces for the different proteins to the different metal surfaces and that either this specific adhesion was observed or that the cantilever showed an interaction to the surface like a clean protein free cantilever. In the histograms protein A exhibits a difference in its adhesion force to the different metals only within the statistical variance. Tubulin, on the other hand, shows a clear dependence in the adhesion forces to the type of metal approached. This specific adhesion force of tubulin on gold, for example, can become as strong as 83 pN with a rather small distribution that shows a width of 7 pN, if fitted with a Gaussian curve (Fig. 5) . This width is only about twice the size of the thermal fluctuations. The adhesion force is significantly lower on ITO with 53 pN and is further reduced on titanium where the measured 16 pN are even lower than the forces observed with protein A.
These results argue that specific structures on the protein surfaces determine certain binding steps to the metal surfaces. The observed reproducibility of the measured forces and the width of the force distributions in the histograms mainly due to thermal fluctuations makes us feel confident, probably for geometrical reasons (Fig. 6) , that only one molecule at the final tip interacts with the metal surface. If clusters of molecules could form at the tip, even if they would be identically oriented in all our preparations, multiples of a certain binding force should be seen in the histograms as occasionally more than one molecule would be able to interact with the surface at the same time. Furthermore, the non-linear part of the force-distance curve during approach and retraction always showed the same shape and distance dependence again consistent with the notion that only one molecule at the tip interacts with the surface. . Force-distance curve with a cleaned cantilever after incubation with protein/buffer solution for two hours at 4 C. The protein in this case was Protein A and the surface was gold. At the beginning and at the end of the interaction with the surface, non-linear force-distance behaviour is observed which may correspond to deformation and/or delocalization of the molecule on the tip.
Remarkably, the molecules seem to become attached preferentially in a certain position to the tip such that the adhesion force either shows a precise interaction strength or none at all. Although the histograms in the case of protein A do not clearly show specificity of adhesion the time courses measured with a single cantilever given in Figure 4 point to distinct interaction forces at different metals. Similar to tubulin the adhesion force to a gold surface seems to be the highest, but at 30 pN it is only about one third of the force observed with tubulin. In contrast to tubulin, protein A has a higher adhesion force on titanium (25 pN) than on ITO (18 pN). Due to the higher adhesion forces observed with tubulin and the more pronounced differences, the specificity of binding shows up clearly also in the histograms where variation between different cantilevers is included. The maximum at 0 pN is produced as one measurement series always ended in several measurements comparable to clean cantilevers when the protein dissociated from the cantilever. The second maximum shows distinct differences between the two proteins and the different metals.
One way to understand the specificity observed is by assuming that certain interactions are possible with certain amino acid residues and that their positions determines how the molecule is fixed to the tip and how it interacts with the surface. An obvious difference in the amino acid sequences of protein A and tubulin is the presence of a high number of 12 cysteines out of 451 residues in the case of tubulin (SwissProt data bank). The possibility of a connection between the sulfur group and the metal surfaces could explain the different binding strength on gold, ITO and titanium. In the case of protein A no cysteines are present, but 65 of the 524 residues are lysines (SwissProt data bank), which can protonate and form hydrogen bridges to the metal surfaces. These suggestions are, at the moment mere speculation and have to be investigated further. An important prerequisite for more precise studies would be the availability of an electrochemical cell where the surface potential could be controlled while changing ion concentrations and pH.
The goal of this study was to demonstrate that the AFM can be used to determine interaction forces of single molecules in solutions with a resolution in the range approaching that of the thermal fluctuations. The future development of this technique will not only give new insights in the adsorption process of proteins and their time course to solid surfaces but it will provide the possibility to study a wide range of molecular interactions (Florin et al., 1994) essential for the dynamic of molecular processes in cell biology. Fig. 6 . Schematic scaled drawing of a protein with 4 nm diameter fixed to standard cantilever tip with a radius of 50 nm which through the cleaning process in Hellmanex might have reduced down to 20 nm as could be seen in EM controls of the lever preparation procedure.
